Abstract We have completed a bioinformatic analysis of the hydrogenases encoded in the genomes of three termite gut treponeme isolates: hydrogenotrophic, homoacetogenic Treponema primitia strains ZAS-1 and ZAS-2, and the hydrogen-producing, sugar-fermenting Treponema azotonutricium ZAS-9. H 2 is an important free intermediate in the breakdown of wood by termite gut microbial communities, reaching concentrations in some species exceeding those measured for any other biological system. The spirochetes encoded 4, 8, and 5 [FeFe] hydrogenase-like proteins, identified by their H domains, respectively, but no other recognizable hydrogenases. The [FeFe] hydrogenases represented many sequence families previously proposed in an analysis of termite gut metagenomic data. Each strain encoded both putative [FeFe] hydrogenase enzymes and evolutionarily related hydrogen sensor/transducer proteins likely involved in phosphorelay or methylation pathways, and possibly even chemotaxis. A new family of [FeFe] hydrogenases (FDH-Linked) is proposed that may form a multimeric complex with formate dehydrogenase to provide reducing equivalents for reductive acetogenesis in T. primitia. The many and diverse [FeFe] hydrogenase-like proteins encoded within the sequenced genomes of the termite gut treponemes has enabled the discovery of a putative new class of [FeFe] hydrogenase proteins potentially involved in acetogenesis and furthered present understanding of many families, including sensory, of H domain proteins beyond what was possible through the use of fragmentary termite gut metagenome sequence data alone, from which they were initially defined.
Introduction
The role of termites in global carbon cycling is well established [1, 2] . Hydrogen holds a prominent role in this degradation of lignocellulosic biomass by wood-feeding termites [3] [4] [5] [6] [7] and, together with formate, plays an important role as an interspecies electron carrier in the syntrophic mineralization of complex organic matter by microbial consortia [8] [9] [10] [11] . In wood-feeding lower termites, hydrogen is produced by several protozoal species and is a major product of their cellulose and xylan fermentation [12, 13] . Several hydrogenase genes have been cloned from the hindgut protozoa of Coptotermes formosanus, and one encoded enzyme, originating from a protist responsible for cellulose decomposition, preferentially catalyzed H 2 evolution in biochemical analyses [14] . Before H 2 escapes the system, most of this gas is consumed by CO 2 -reducing homoacetogenic bacteria [15, 16] , and to a lesser extent, methanoarchaea [3, 17] . The flux and standing concentrations of H 2 in the gut have led to the development of the concept of this gas being the central free intermediate used in the conversion of plant biomass in wood-feeding termites [18] . In some species, hydrogen concentrations approach saturation levels and are among the highest measured for any biological system [5, [18] [19] [20] [21] [22] [23] . Moreover, fluxes as high as 33 m 3 /m 3 gut volume per day have been reported [18] . The environment is also spatially complex, comprising a matrix of microenvironments characterized by different concentrations of hydrogen [5, 17, 18, [24] [25] [26] .
The importance of hydrogen to the termite gut is further highlighted by the abundance of H domain containing [FeFe] hydrogenase-like proteins that were revealed in an analysis of a termite gut metagenome [27] . They represented a broad diversity of putative functions, including putative [FeFe] hydrogenase-like hydrogen sensors, which remains an uncharacterized and poorly understood class of proteins [28] [29] [30] . The overwhelming majority of the hydrogen-turnover enzymes identified in that study were putative [FeFe] hydrogenases [27] .
Termites rely upon a complex symbiosis with their respective gut microbial communities to derive carbon and energy from lignocellulosic biomass [6, [31] [32] [33] [34] [35] . The primary product of this symbiosis is acetate that the termites use for biosynthesis and energy [15] . The fermentation of polysaccharides produces primarily acetate, carbon dioxide, and hydrogen [7, 15, 36, 37] . Most of this carbon dioxide and hydrogen is used by bacteria in reductive acetogenesis to produce up to one third [3, 4] of the total acetate pool in the gut. This is why hydrogenases are so important to this environment. A small fraction of the hydrogen is either used by methanogens or released to the atmosphere [3, 16] .
Treponemes are among the most abundant groups of bacteria in termite guts [27, [38] [39] [40] . They may be the primary agent of reductive acetogenesis [41, 42] . The first isolation of termite gut spirochetes was reported in 1999 [16] . Among the strains isolated were organisms later characterized as novel species, Treponema primitia strains ZAS-1 and ZAS-2 and Treponema azotonutricium strain ZAS-9 [16, 43, 44] . They represent contrasting hydrogen physiologies. T. primitia consumes H 2 during reductive acetogenesis, and T. azotonutricium produces H 2 during its fermentation of sugars [44] .
The genomes of T. primitia ZAS-2 and T. azotonutricium ZAS-9 have recently been sequenced and closed, and the genome of T. primitia ZAS-1 has been partially sequenced through 454 pyrosequencing. Here, we report an in-depth bioinformatic analysis of hydrogenase-like proteins from the sequenced genomes of these spirochetes. The objective was to better understand the genes underlying the hydrogen physiologies of these isolates and to shed further light on how the strains may have adapted to their unique, H 2 -rich environment. Moreover, it has been an objective of the present study to overcome the analytical limitations imposed by the shrapnel nature of a recent termite metagenome sequence wherein many families of [FeFe] hydrogenase-like proteins were discovered.
Methods

Sequencing and Annotation
The details of the genome sequencing and closure of T. azotonutricium ZAS-9 (Genbank CP001841) and T. primitia ZAS-2 (Genbank CP001843) will be reported elsewhere (S. a T. primitia strains ZAS-1 and ZAS-2 and M. thermoacetica are homoacetogens. T. azotonutricium ZAS-9 is primarily a hydrogen-producing bacterium. B. hyodysenteriae and T. denticola are both well-studied pathogenic spirochetes (see Warnecke et al. [27] with regard to the hindgut metagenome) b Families have been defined by Warnecke et al. [27] c The family of FDH-Linked hydrogenases has been defined in the main text [27] g Proteins for which a family designation could not be unambiguously defined or for which a [FeFe] hydrogenase family designation would not be relevant of 80% H 2 +20% CO 2 , as described previously [16, 43] . T. azotonutricium str. ZAS-9 was grown in a similar medium [16, 43] . Gene expression of putative hydrogenases was measured from cDNA by PCR amplification using primers specific for each gene (see Table S1 ). mRNA was purified from cells in mid-log phase using the Qiagen RNeasy kit. cDNA was prepared from sample mRNA using the IScript cDNA synthesis kit from BioRad. ClpX was used as an internal control. cDNA reactions run without reverse transcriptase were used as a negative control for genomic DNA contamination. The temperature cycling regimen was 2 min at 95°C, 28×(1 min at 95°C, 1 min at 55°C, 1 min at 72°C), 5 min at 72°C. Amplicons were evaluated by agarose gel electrophoresis.
Phylogenetic Analysis
The ARB software environment was used for phylogenetic analyses [56] . Sequence alignments were prepared using DIALIGN [57] on the Mobyl server [58] . Trees were routinely constructed in sets of three, corresponding to distance matrix (Fitch), maximum parsimony (Phylip PROT-PARS), and maximum likelihood (Phylip PROML) methods. The sequence database used within ARB contained 183 publically available protein sequences harboring H domains. Many of the [FeFe] hydrogenase sequences were chosen from those highlighted in reviews by Meyer [50] or Vignais and Billoud [29] . A number of sequences were identified by BLAST searches against the NCBI GenBank non-redundant protein sequences database. The database also included four protist [FeFe] hydrogenase sequences originating from a termite gut [14] . Eighty-four sequences from the 123 identified as containing H domains in the termite gut metagenome database were of sufficient length to be included in the analysis. The following sequences comprised the outgroup used to construct [45] .
Nomenclature
Genes were named following the convention proposed by Vignais et al. [30] . Wherever possible, hydrogenases were also classified into termite gut community associated families as defined by Warnecke et al. [27] , that is, according to their phylogenetic position. Where no family membership was clear, a new family was proposed.
Results
Identification of Hydrogenase-Like Genes and Maturases and Detection of Transcription
No obvious homologs of known [NiFe] or [NiFeSe] hydrogenases were identified. In contrast, T. primitia ZAS-1, T. primitia ZAS-2, and T. azotonutricium ZAS-9 each encoded 4, 8, and 5 proteins containing putative H domain modules, respectively (Table 1) . Cases for which transcription has been detected for a given putative H domain protein are indicated in Table 1 . H domains contain three unique, highly conserved, sequence regions (or sequence signatures) that coordinate the H cluster [29, 50] . The H cluster is an iron-sulfur cluster that functions as the site of catalysis in [FeFe] hydrogenases. The putative H domains encoded by the three treponemes fell into two groups (Table 1) , one with canonical sequence signatures and the other with at least one key residue diverging from the conserved sequence, a topic discussed further below. The genomes of the three treponemes also encoded putative chaperones necessary for proper H cluster assembly [51, 53] .
Domain Architecture and Prediction of Subcellular Localization
Together, the genomes encoded a set of H domain containing proteins having domain architectures representing most of those observed in a termite gut metagenome ( Table 2 ; Fig. 1 ). Only one domain structure, which had a low representation in the metagenome [27] , was not represented. All sequences encoded a 2[4Fe-4S] cluster immediately N-terminal to the H domain (Fig. 1) . We predict that all proteins encoding canonical H domain sequence signatures [50] (see Table 1 ) function as [FeFe] hydrogenases. For all such sequences, an additional domain or a conserved sequence motif was present at the Nterminal flank of the 2[4Fe4S] cluster (Fig. 1) . These modules consisted of either a duo of domains comprising a (Fig. 1) , and are herewith considered to be putative H 2 -sensors falling within three functional groups. One group contained a methyl-accepting chemotaxis protein (MA) domain; another a PAS domain; and the third a triad of domains comprised of a histidine kinase, ATPase, and response regulator domain.
All putative H 2 sensors with either a MA domain or the domain triad (above) were predicted to localize to the cytoplasmic membrane. Sequences containing a PAS domain ( Fig. 1; Table 1 ) and classified as Family 8, sensu Warnecke et al. [27] , were unambiguously predicted to be cytoplasmic. All other putative sensors and enzymes were each simultaneously predicted to be either periplasmic (localization scores= 4.48 ea.) or cytoplasmic (localization scores=5.41 ea.).
Phylogenetic Analysis of Putative Hydrogenases and H 2 Sensors
The H domains clustered within one or the other of two coherent clades (Fig. 2) . Each of these coherent clades was individually analyzed in greater detail (Figs. 3a and 4) . Sequence family representation was compared (Table 2) between the termite gut isolates, two pathogenic treponemes, a termite gut metagenome sequence, and a canonical acetogen.
Two proteins fell within a clade that did not contain or group closely with any sequence from the termite gut metagenome database [27] . The classification of these is described below. Phylogenetic analysis revealed that the H 
Gene Cluster Analysis
Each Family 3 or 7 putative [FeFe] hydrogenase from T. primitia strains ZAS-1 and ZAS-2 fell within gene clusters implying a heterotrimeric quaternary structure (Fig. 5a ). Several known trimeric [FeFe] hydrogenases have a C-terminal thioredoxin-like domain in the H domain containing protein [29, 50, 62] . This was not observed in the treponemes, and no obvious gene was observed nearby in the genome that might serve to compensate for this absence. This C-terminal thioredoxin-like module/domain was also entirely absent in homologous genes occurring within similar contexts in genomes available on the JGI IMG/M [54, 55] server. The Family 3 putative [FeFe] hydrogenase encoded by T. azotonutricium ZAS-9 occurred within a gene cluster implying a heterotetrameric quaternary structure (Fig. 5b) . Gene configurations similar to the trimeric and tetrameric [FeFe] hydrogenases identified in the treponeme genomes were observed across sequence reads in the termite gut metagenome [27] (see Fig. 5a , b). As introduced above, the genomes of T. primitia strains ZAS-1 and ZAS-2 each encoded a putative [FeFe] hydrogenase that did not fall within previously defined sequence families. Examination of gene contexts suggested that they might be coupled in function to the recently described [63] cysteine and selenocysteine variants of hydrogenase-linked formate dehydrogenases (FDH H, or FdhF; Fig. 5c and Table 1) in T. primitia. The genes for these two proteins are each proximal to two genes encoding 16Fe ferredoxin-like proteins sharing homology with HycB from Escherichia coli. A similar gene configuration was observed in the genome of Clostridium difficile (Fig. 5c ).
Discussion
The isolates encoded a large number and broad diversity of H domain containing proteins (Tables 1 and 2 ). Each strain encoded examples of both putative [FeFe] hydrogenases and H 2 sensors, suggesting that having both functionalities in concert may be relevant to H 2 processing and competition within the termite gut ecosystem. Transcription of all putative genes was detected with the exception of only two, which were both encoded by T. primitia str. ZAS-2 (Table 1) , and for each of this untranscribed gene, there is evidence for having originated from a duplication event. The number of hydrogenases encoded by the treponeme genomes is higher than that of several well-studied spirochetes and a canonical acetogen (Table 2) .
It is not yet clear why iron-only hydrogenases would be the most abundant class of hydrogenases observed in the termite gut environment [14, 27] . Perhaps the higher specific molar activities of [FeFe] hydrogenases compared to other classes of hydrogenases [28] and the millimolar (very high) amounts of ferrous iron measured in the guts of several termites [28, 64] have selected for this class of hydrogenases in this environment.
Putative Multimeric [FeFe] Hydrogenases
Family 3 and 7 [FeFe] hydrogenases from the H 2 -consuming T. primitia strains ZAS-1 and ZAS-2 fell within gene clusters similar to that of the trimeric [FeFe] hydrogenase from T. maritima [62] (Fig. 5a ). T. maritima is a predominantly hydrogen-producing, anaerobic, fermentative hyperthermophile [65] . The HydB and HydC proteins may form a complex with the hydrogenase (Fig. 5a ). These proteins are homologous to the NuoF and NuoE subunits of the E. coli NADH: ubiquinone oxidoreductase (Complex I) [66] , respectively. Therefore, these accessory proteins may serve to form a diaphorase moiety interacting with the H domain containing subunit (HydA) to couple hydrogen turnover to the oxidation or reduction of NAD(P)(H). The Family 3 hydrogenase encoded by T. azotonutricium ZAS-9 fell within a gene cluster similar to those of the tetrameric [FeFe] hydrogenases from Thermoanaerobacter tengcongensis [67] and Desulfovibrio fructosovorans [68] (Fig. 5b) . T. tengcongensis and many Desulfovibrio species produce hydrogen as a fermentation product [69] [70] [71] . The accessory domains comprising this complex may form a diaphorase moiety, as discussed above for the putative heterotrimeric complexes. Homologous trimeric and tetrameric complexes may be present in a termite hindgut metagenome (Fig. 5a, b) , which argues for their general relevance to termite gut ecosystems.
Putative FDH-Linked [FeFe] Hydrogenases
Both of the T. primitia strains encoded an [FeFe] hydrogenase gene whose locus is in close proximity to that for a formate dehydrogenase (FDH; Fig. 5c ). All sequences clustering with these H 2 ases (Fig. 3a) contained a unique 28 amino acid long insert at a conserved location. This insert was not found in other hydrogenases in our database; moreover, it was filtered out during phylogenetic analyses, thus serving as independent support for the cluster.
We hypothesize that these hydrogenase genes function within a formate-hydrogen lyase-like complex, whereby the generation of formate from carbon dioxide and H 2 would be the first step of the methyl-branch of the WoodLjungdahl pathway of reductive acetogenesis [72, 73] . Matson et al. [63] , in their analysis of formate dehydrogenases, put forward this same hypothesis. T. azotonutricium, which does not encode any obvious FDH genes and is not an H 2 +CO 2 acetogen, does not encode an FDHlinked [FeFe] hydrogenase, which may be a consequence of evolutionary adaptations favoring hydrogen production. E. coli is not a homoacetogen, and it operates its formatehydrogen lyase complex in the direction of formate oxidation to generate hydrogen, as does Eubacterium acidaminophilum, which also encodes its FDH gene in close proximity to a NiFe hydrogenase gene [74, 75] . NiFe hydrogenases are entirely distinct phylogenetically from [FeFe] hydrogenases [30] . Interestingly, homologs of these FDH-linked [FeFe] hydrogenase peptide sequences (Fig. 3a) were identified in other species that encode genes associated with the Wood-Ljungdahl pathway. Thus, there may be a more widespread role for formate-hydrogen lyases in homoacetogenic and acetoclastic metabolic pathways than is currently recognized. Importantly, Rosenthal et al. [76] have provided transcriptional evidence that the FDH-linked [FeFe] hydrogenase encoded by T. primitia ZAS-2 may be co-regulated with the FDH.
The FDH-linked [FeFe] hydrogenase genes in the two T. primitia strains were found proximal to two genes encoding putative 16Fe ferredoxin-like proteins that may serve as electron shuttles. These shared homology with HycB from E. coli that is believed to shuttle electrons between the FdhF subunit (FDH-H) and the NiFe hydrogenase subunit of a formate-hydrogen lyase complex [77] .
Putative Hydrogen Sensors
[FeFe] hydrogenase-like sensory proteins have been reported previously [27, [78] [79] [80] but remain poorly studied. Many were observed in the termite gut metagenomic analysis [27] .
The H domains corresponding to Families 4 and 8 each were associated with a PAS domain in the C-terminal region of their respective protein sequences. A NiFe hydrogenases-like H 2 sensor containing a PAS domain has been characterized [81] . Some putative PAS domain containing H domain proteins have been reported previously but remain uncharacterized [79, 80] .
Family 10 protein sequences had an arrangement of domains at their C-termini similar to the same region of the RcsC signal receptor protein from E. coli, which functions within a phosphorelay [82, 83] . PSORTb unambiguously predicts that the Family 10 H 2 sensor is, like RcsC, a cytoplasmic membrane protein.
All three genomes encoded a Family 5 H domain protein having a methyl-accepting chemotaxis protein domain (MA) at the C terminus. These may modulate changes in swimming behavior in response to H 2 gradients [27, 84] , although to our knowledge, H 2 taxis has not been demonstrated in any bacterium. Alternatively, MA domain containing proteins have been found to influence gene regulation [84] . Each Family 5 hydrogenase was predicted by PSORTb to localize to the cytoplasmic membrane.
Consistent with intuition, the phylogeny of the H domain of the putative sensor domains suggests a late radiation after a duplication and subsequent modification from a "Family 6" hydrogenase ( Figs. 2 and 4) . This is similar to what has been observed for hydrogen sensor proteins evolutionarily derived from NiFe hydrogenases [29] .
Conclusions
The strains encode putative [FeFe] hydrogenase-like hydrogen sensors, a function only recently proposed for H domain containing proteins [27] . It has been suggested that perhaps it might be the ability of highly motile, homoacetogenic spirochetes to better position themselves between their sources of H 2 and their competitors that might help explain their otherwise enigmatic outcompetition for this electron donor with methanoarchaea [16] . The two acetogens, T. primitia ZAS-1 and ZAS-2, each encoded a [FeFe] hydrogenase belonging to a new family of FDHlinked hydrogenases that may participate directly in reductive acetogenesis. Consistent with this hypothesis, T. azoto-nutricium ZAS-9, which has adapted to favor a hydrogen production physiology, does not encode an FDH-linked hydrogenase. The cultured treponemes analyzed in this study are now excellent candidates for examining the physiology and biochemistry of putative H 2 sensor proteins in gene regulation and cell behavior, particularly as relates to the termite gut ecosystem.
